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There is evidence that vestibular sensory processing affects, and is affected by, higher 
cognitive processes. This is highly relevant from a clinical perspective, where there is 
evidence for cognitive impairments in patients with peripheral vestibular deficits. The 
vestibular system performs complex probabilistic computations, and we claim that 
understanding these is important for investigating interactions between vestibular 
processing and cognition. Furthermore, this will aid our understanding of patients’ 
self-motion perception and will provide useful information for clinical interventions. We 
propose that cognitive training is a promising way to alleviate the debilitating symp-
toms of patients with complete bilateral vestibular loss (BVP), who often fail to show 
improvement when relying solely on conventional treatment methods. We present a 
probabilistic model capable of processing vestibular sensory data during both passive 
and active self-motion. Crucially, in our model, knowledge from multiple sources, includ-
ing higher-level cognition, can be used to predict head motion. This is the entry point 
for cognitive interventions. Despite the loss of sensory input, the processing circuitry in 
BVP patients is still intact, and they can still perceive self-motion when the movement is 
self-generated. We provide computer simulations illustrating self-motion perception of 
BVP patients. Cognitive training may lead to more accurate and confident predictions, 
which result in decreased weighting of sensory input, and thus improved self-motion 
perception. Using our model, we show the possible impact of cognitive interventions to 
help vestibular rehabilitation in patients with BVP.
Keywords: cognitive training, bilateral vestibulopathy, bilateral vestibular loss, rehabilitation, vestibular cognition, 
computational modeling, mental imagery, self-motion perception
iNtrODUctiON
Patients with bilateral vestibulopathy suffer from a severely reduced (incomplete vestibular loss) or 
totally absent function (complete vestibular loss) of both vestibular end organs, vestibular nerves, or 
a combination thereof (1). The main symptoms of BVP are unsteadiness of gait, oscillopsia, and pos-
tural imbalance (particularly pronounced in darkness) with more pronounced symptoms and worse 
course of disease in BVP patients with complete vestibular loss. These symptoms are directly related 
to dysfunctional perception of self-motion (2, 3). There is evidence that vestibular information is 
2Ellis et al. Cognitive Rehabilitation
Frontiers in Neurology | www.frontiersin.org April 2018 | Volume 9 | Article 286
nested and intertwined with higher cognitive processes [see Ref. 
(4) for a review]. Accordingly, there is growing evidence for cog-
nitive impairments in vestibular patients. Deficits in visuospatial 
abilities such as mental rotation, spatial navigation, or spatial 
memory have been shown in patients with BVP (5–7), indicat-
ing a changed internal spatial representation (8). Furthermore, 
atrophy of the hippocampus is strongly correlated with impaired 
visuospatial abilities in patients with BVP (5, 9). BVP can also 
lead to cognitive impairments in non-spatial cognitive domains, 
such as problems with concentration, short-term memory, read-
ing abilities, or executive functions (5, 10–12).
Conventional treatments for patients with BVP include coun-
seling and daily intensive vestibular physical therapy, in combi-
nation with neurotological rehabilitation. The goals of vestibular 
rehabilitation therapy are to improve gaze and postural stability, 
minimize falls, decrease the sense of disequilibrium, and prevent 
an increasingly sedentary lifestyle (13). Traditional vestibular 
rehabilitation therapy includes exercises to promote alternative 
strategies for gaze stability by potentiation of the cervico-ocular 
reflex, modification of saccades (decreasing the amplitude of 
saccades/corrective saccades), increasing smooth pursuit eye 
movement or central pre-programming of eye movements [for 
a review, see Ref. (14)]. Self-motion perception can be induced 
by exposure to large-field visual stimuli (optokinetic stimula-
tion) with the goal of developing compensation by increasing 
the weight of visual cues. Recent literature suggests using covert 
saccades during head movements as rehabilitation strategy in 
patients with BVP, since elimination of oscillopsia was observed 
in BVP patients who made covert saccades (15, 16). Even though 
conventional therapies are applied to patients with BVP, recovery 
is usually incomplete (1).
A largely unexplored approach to rehabilitation is cogni-
tive training (17). The authors suggest that cognitive training 
methods can lead to reduced symptoms and improved compen-
sation for the lack of sensory signals in patients with complete 
vestibular loss. While cognitive training has not been applied to 
BVP patients, its utility for improving balancing ability has been 
shown in elderly people and people with mild cognitive impair-
ment or dementia (18, 19). The link between cognition and bal-
ancing abilities is further shown in cognitively impaired patient 
groups (20–22). Cognitive training may provide many benefits; 
it is cost-effective, and can easily be performed on a daily basis 
in the comfort of patients’ own homes. Additionally, patients do 
not depend on medication and can take action to reduce their 
symptoms, which enhances their self-efficacy. As described 
above, vestibular deafferentation has dramatic consequences for 
higher-order processing of vestibular and spatial information, 
and cognitive training might be a promising opportunity for 
treating the adverse consequences of BVP. Conventional treat-
ment attempts to reduce the reliance on abnormal vestibular 
sensory signals and improve the use of non-vestibular sensory 
signals. Cognitive training operates at a higher level of process-
ing. In this paper, we explore how cognitive training might aid 
rehabilitation of BVP patients by considering the computations 
involved in vestibular processing, the complexity of which is 
often underestimated.
A cOMPUtAtiONAL MODeL OF seNsOrY 
iNFereNce
It seems impossible for BVP patients to extract any kind of 
information about their head movements, because their ves-
tibular signals provide little or no information. However, sensory 
processing involves much more than extracting information 
from noisy and ambiguous sensory data; sensory information 
is combined with prior knowledge about the world (23). Many 
tasks, from perception (24, 25) to higher-level cognition (26), 
have been described in a Bayesian framework. Additionally, when 
timing is essential, as is the case in the vestibular system, purely 
data-driven processing would lead to time lags. Instead, the 
brain continuously makes predictions and uses the sensory data 
to correct those predictions. Decades of vestibular research have 
provided insight into the type of computations used by the brain 
(27–30). These can be described as filtering algorithms, which 
rely on probabilistic models of the dynamics of head movements 
and the sensory data. The dynamics of head movements (e.g., the 
head velocity) are represented as a latent process (process model), 
and the sensory data are represented as depending on this latent 
process (sensor model). The process model represents the brain’s 
knowledge about the laws of physics, whereas the sensor model 
represents the brain’s knowledge about sensor characteristics.
We present the computational principles using a simplified 
model of a rotation of the head about the earth-vertical (yaw) axis 
(Figure 1A, angular velocity as pink line). This velocity has to be 
inferred, using the sensory signals provided by the semicircular 
canals (SCC). The sensory signals of a healthy person (blue dots) 
are measurements of the true velocity, with added noise. In con-
trast, the sensory signals of a BVP patient (orange) cannot track 
the head velocity. Instead, they merely reflect neuronal noise. 
The velocity can result from either a passive movement, or an 
actively initiated movement. In both cases, the head velocity and 
the resulting sensory signals are identical (31). If the movement 
was self-initiated, the brain has information about the motor 
commands (e.g., an efference copy), which is used by the brain in 
order to attenuate neurons in the vestibular nuclei (32). Recently, 
Laurens and Angelaki (33) demonstrated that the probabilistic 
model used to process passive movements also applies when 
movements are self-initiated. Information about expected head 
motion must be translated into expected sensory signals, in 
order to compute prediction errors. The computations involved 
can be described as a probabilistic graphical model (Figure 1B). 
Head velocity is represented by state variables (Ω) evolving over 
time according to a process model, which represents knowledge 
about the physical laws of head movements. If the movement was 
actively generated, knowledge from the motor commands is used 
to compute the next state. The sensor model describes how the 
noisy SCC measurements arise, given the state of the head. This 
type of probabilistic graphical model can be used for various tasks 
(34). For example, imagined movement may correspond to run-
ning this model in an off-line simulation mode (35–37). In order 
to infer head velocity, a filtering algorithm performs sequential 
Bayesian inference, i.e., the brain combines prior knowledge with 
sensory data to obtain a posterior estimate. This is illustrated in 
FigUre 1 | (A) Head velocity, shown as a pink line, during a left head turn. Sensory signals are shown in blue for a healthy person, and in orange for a BVP patient. 
(B) Probabilistic model used to perform sensory inference. The velocity Ω (pink nodes) is represented as a sequence of latent states, which need to be inferred, 
given the sensory observations (orange nodes). Additional knowledge (gray nodes, e.g., derived from motor commands or higher-level knowledge) are used in order 
to predict Ω. The model includes a binary switch S (gray node), which indicates whether or not knowledge is used (active or passive). (c) During inference, the 
current state is probabilistically predicted (1), based on the posterior from the previous time step and additional knowledge. The prediction is then updated with the 
likelihood (2), resulting in a posterior state estimate. This is repeated at every time step. (D) Simulations of a healthy person (left) and a BVP patient (right) using a 
particle filtering algorithm and the generative model shown in (B). True velocity is shown in black. Sensory observations are shown as blue (healthy) or orange (BVP 
patient) dots. Estimated velocity is shown as a pink line, along with the uncertainty in the estimate (gray dots).
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Figure 1C. First, during the prediction step (1), a prior is created 
by predicting the head velocity Ω for the current time t, based 
on its past estimate. This prediction is probabilistic; the width 
of the distribution reflects how certain the brain is in its predic-
tion. Second, in the update step (2), the sensory measurement 
(likelihood) is used to update the prior, resulting in a posterior 
estimate of Ω. If the head movement was the result of an intended 
action, then, knowledge about the head movement (e.g., efference 
copy) may be used in order to make more precise prior predic-
tions for the state Ω. A few recent studies demonstrate that the 
brain must be able to use not only knowledge derived from motor 
commands, but also from other sources; vestibular signals can be 
predicted when these do not result from active self-motion (38). 
The brain is able to construct models of head dynamics based on 
various sources of knowledge. This information may be derived 
from other sensory modalities, such as vision or proprioception, 
from memory of recent movements (38) or prior knowledge 
obtained by verbal instruction (39). A recent study demonstrated 
that higher-level prior knowledge plays an important role in 
self-motion-related perception and decision-making (40). Thus, 
prior knowledge in different forms can affect vestibular percep-
tion. Mertz et al. (41) showed that imagined self-motion either 
facilitates or impedes the ability to detect linear accelerations, 
depending on the compatibility of the directions of imagined and 
actual motion. Nigmatullina et al. (42) found effects of imagined 
self-motion at the earliest stages of vestibular processing; the 
onset of the vestibulo-ocular reflex (VOR) was shortened when 
participants imagined moving in the same direction as the sub-
sequent actual motion. Participants’ perception of self-motion 
was affected in a similar manner. Finally, there is evidence that 
the gain of the VOR depends on the distance of an imagined 
target (43). All of these findings point to the fact that vestibular 
processing must contain a great deal of flexibility and cognitive 
penetrability (44, 45), in the sense that information that is not 
directly sensorimotor in nature may affect sensory inference.
The fact that vestibular sensory processing involves a high 
degree of flexibility creates new possibilities for rehabilitation.
We illustrate this idea using a particle filtering algorithm (46, 
47) to simulate a healthy person and a BVP patient inferring their 
head velocity Ω during a 1-s leftward head turn. A particle filter 
recursively performs a sequence of computations. First, the state 
is predicted, according to a model of the process being estimated. 
This predicted state serves as the dynamic prior. Second, an 
observation is used to update the prior, resulting in a posterior 
estimate. The amount of updating that occurs depends on how 
well the sensory data were predicted, given the predicted state. 
Figure  1D shows the results of our simulations. The top row 
shows passive motion and the bottom row shows an active, self-
initiated movement. The healthy person is able to accurately infer 
the velocity in both conditions. During passive motion, when the 
trajectory cannot be predicted, the algorithm requires the sensory 
data in order to update its 1-step ahead predictions during online 
sensory inference. This means that the estimated velocity lags the 
actual velocity. During the self-initiated movement, additional 
knowledge results in predictions that follow the actual velocity 
more closely, and the lag is reduced when compared to passive 
motion. The situation is dramatically different for the BVP 
patient. During passive movement, the dynamic prior does not 
follow the actual velocity. In order for inference to be accurate, 
the brain must update the prior using the sensory signals. In BVP 
patients, the sensory signals do not provide information about 
the actual velocity. Thus, the resulting velocity estimate remains 
at zero—the BVP patient is unable to detect self-motion by means 
of vestibular information. The patient is only able to construct a 
better prior estimate of the velocity when the trajectory of motion 
is predictable. Thus, when self-motion is self-initiated, the patient 
perceives a velocity in the correct direction, but with decreased 
amplitude, compared to the true velocity. The resulting posterior 
estimate is drawn toward the data. This also qualitatively captures 
the fact that BVP patients show VOR with reduced gain (48, 49).
iMPLicAtiONs FOr BvP PAtieNts
The perception of self-motion relies on estimates obtained from 
multiple sensory modalities. The goal of most conventional 
rehabilitation methods is to enable BVP patients to increase the 
weighting of visual and somatosensory cues. In the context of 
the computational model of the vestibular system, this can be 
interpreted as enabling patients to rely less on sensory signals 
provided by the vestibular sensors and more strongly on their 
dynamic prior while performing Bayesian inference. However, 
this requires the use of some kind of knowledge to predict the 
velocity. The simulations illustrate the fact that BVP patients are 
unable to infer their head velocity during passive movements, 
due to the chronic loss of sensory input. If a probabilistic model 
with additional knowledge can be used because the movement 
is predictable, inference about head velocity can be substantially 
improved. In addition to this, the mismatch between expected 
and actual sensory signals needs to be given less weight. While the 
reweighting of sensory signals may require long-term learning 
and adaptation, the use of prior knowledge is more flexible. Thus, 
we claim that cognitive training, if it can be shown to be effective 
in BVP patients, should operate by enabling patients to improve 
vestibular sensory inference through the use of prior knowledge 
during sensory inference.
POssiBLe eFFects OF cOgNitive 
trAiNiNg ON seNsOrY iNFereNce
In the context of the probabilistic model used for sensory infer-
ence, we can envisage distinct ways in which cognitive training 
may improve vestibular sensory inference. This is illustrated in 
Figure 2A (blue boxes). In the absence of sensory signals, any 
residual ability to detect head motion depends on patients’ abil-
ity to predict their head velocity. This prediction is equivalent to 
constructing a dynamic prior prediction of head velocity, and this 
requires the following steps: (1) knowledge about head movements 
from efference copies and cognitive sources is converted into an 
expected head velocity. (2) The head velocity is predicted. (3) The 
prediction of head velocity is made, but is uncertain. In order to 
improve inference, the confidence predictions are made should be 
FigUre 2 | (A) Suggested interventions through both conventional rehabilitation (orange box) and cognitive training (blue boxes). Most conventional rehabilitation 
strategies are targeted at reducing the influence of the sensory data, whereas cognitive training targets the inclusion of prior knowledge for sensory inference.  
(B) Improvements that may be achieved by conventional rehabilitation (left) and additional cognitive training (right). Inference is improved when abnormal sensory 
data are ignored (compare with Figure 1D, bottom right).
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increased. In Bayesian inference, this leads to a decreased weight-
ing of the sensory data. This only leads to improved inference if 
an accurate process model is used. The process model used for 
sensory inference during active movement can be used off-line in 
the service of mental simulations, i.e., to imagine self-motion (34, 
35). Indeed, there is evidence for the involvement of the vestibular 
system in spatial perspective taking tasks (50, 51). Although this 
has not previously been investigated, it is likely that the brain must 
simulate motion of the self in order to perform cognitive tasks. 
This ability may be reduced in BVP patients (6). We suggest that 
mental body rotation training may enable patients to improve 
their use of knowledge about the dynamics of head movements 
and to rehearse simulating head motion without the requirement 
of performing sensory inference. Cognitive training of head and 
body movements via mental imagery will help patients not only 
to improve their ability to predict movement and the ensuing 
sensory consequences, but also to increase their confidence in 
these predictions.
Figure 2B illustrates the results of simulating improvements 
due to conventional rehabilitation (left) and additional cognitive 
training (right). Conventional rehabilitation may enable BVP 
patients to improve their inference during a predictable move-
ment when abnormal sensory data are down-weighted (compared 
with Figure 1D, bottom right). This is achieved by increasing the 
6Ellis et al. Cognitive Rehabilitation
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width of the sensor noise distribution. The estimated amplitude 
of the movement is still attenuated. Cognitive training may enable 
patients to improve their use of knowledge derived from their 
motor system, other sensory modalities (vision, propriocep-
tion) or memory and mental imagery to make better and more 
confident prior predictions of head movements. This is achieved 
by decreasing the width of the dynamic prior and yields greater 
improvements for sensory inference. In our model, the improve-
ments due to cognitive training shown in Figure 2B (right) are 
akin to running the model in a simulation model.
During the course of rehabilitation, patients can learn to con-
struct improved models of their head movements and use these 
for sensory inference. In addition, they can learn to rely more 
on their internal estimates and thereby increasingly ignore the 
abnormal sensory data from their vestibular end organs. More 
generally, mental imagery training, and other cognitive training 
methods, for example, targeting executive functions, may help 
reduce the cognitive load that BVP patients experience (10–12). 
In order to achieve the re-weighting of the prior predictions 
while simultaneously inhibiting sensory information, training of 
inhibition could help patients with BVP. Furthermore, a training 
of selective attention could lead to better allocation of attentional 
resources. It may also be beneficial to use cognitive training in 
combination with galvanic vestibular stimulation (52). Increasing 
the sensor noise could help patients to down-weight the abnormal 
sensory data. As a result, patients would be more responsive to 
cognitive training. Cognitive processes, such as imagined self-
motion, have been shown to affect self-motion processing, a case 
in point being the study by Nigmatullina et al. (42). Even though 
our computational model was not conceived to make quantitative 
predictions, it is in line with their results. We are proposing that, 
in order to be effective, cognitive training methods should be 
designed with this computational framework in mind.
cONcLUsiON
The discussion about the consequences of BVP is largely 
dominated by focusing on the absence of vestibular sensory 
information and the use of other sensory sources, such as vision 
and proprioception. This has guided the conceptualization of 
treatments and rehabilitation. In patients with BVP, conventional 
treatments are often insufficient and there are other suitable 
entry points for interventions. Sensory processing involves prior 
knowledge about the world and this is necessary for correct 
inference of physical motion stimuli. Erroneous self-motion 
perception in BVP patients can be reduced by assigning more 
weight to prior knowledge and disregarding uninformative sen-
sory data. Cognitive training is a promising tool to rebalance the 
mechanisms underlying sensory inference in order to react to the 
chronic loss of sensory data.
AUtHOr cONtriBUtiONs
AE, CS, DV, MC, and FM wrote the manuscript. AE and FM 
planned and performed the simulations.
FUNDiNg
This research is supported by the Swiss National Science 
Foundation, projects CR13I1_147164 and 100014_162480.
reFereNces
1. Hain TC, Cherchi M, Yacovino DA. Bilateral vestibular loss. Semin Neurol 
(2013) 33(3):195–203. doi:10.1055/s-0033-1354597 
2. Priesol AJ, Valko Y, Merfeld DM, Lewis RF. Motion perception in patients with 
idiopathic bilateral vestibular hypofunction. Otolaryngology Head Neck Surg 
(2014) 150(6):1040–2. doi:10.1177/0194599814526557 
3. Valko Y, Lewis RF, Priesol AJ, Merfeld DM. Vestibular labyrinth contri-
butions to human whole-body motion discrimination. J Neurosci (2012) 
32(39):13537–42. doi:10.1523/JNEUROSCI.2157-12.2012
4. Mast FW, Preuss N, Hartmann M, Grabherr L. Spatial cognition, body rep-
resentation and affective processes: the role of vestibular information beyond 
ocular reflexes and control of posture. Front Integr Neurosci (2014) 8:44. 
doi:10.3389/fnint.2014.00044 
5. Brandt T, Schautzer F, Hamilton DA, Brüning R, Markowitsch HJ, Kalla R, 
et al. Vestibular loss causes hippocampal atrophy and impaired spatial mem-
ory in humans. Brain (2005) 128:2732–41. doi:10.1093/brain/awh617 
6. Grabherr L, Cuffel C, Guyot J-P, Mast FW. Mental transformation abilities 
in patients with unilateral and bilateral vestibular loss. Exp Brain Res (2011) 
209(2):205–14. doi:10.1007/s00221-011-2535-0 
7. Péruch P, Lopez C, Redon-Zouiteni C, Escoffier G, Zeitoun A, Sanjuan M, 
et al. Vestibular information is necessary for maintaining metric properties 
of representational space: evidence from mental imagery. Neuropsychologia 
(2011) 49(11):3136–44. doi:10.1016/j.neuropsychologia.2011.07.026 
8. Borel L, Lopez C, Péruch P, Lacour M. Vestibular syndrome: a change in 
internal spatial representation. Neurophysiol Clin (2008) 38(6):375–89. 
doi:10.1016/j.neucli.2008.09.002 
9. Kremmyda O, Hüfner K, Flanagin VL, Hamilton DA, Linn J, Strupp M, et al. 
Beyond dizziness: virtual navigation, spatial anxiety and hippocampal volume 
in bilateral vestibulopathy. Front Hum Neurosci (2016) 10:139. doi:10.3389/
fnhum.2016.00139 
10. Black FO, Pesznecker S, Stallings V. Permanent gentamicin vestibulotoxicity. 
Otol Neurotol (2004) 25(4):559–69. doi:10.1097/00129492-200407000-00025 
11. Popp P, Wulff M, Finke K, Rühl M, Brandt T, Dieterich M. Cognitive deficits 
in patients with a chronic vestibular failure. J Neurol (2017) 264(3):554–63. 
doi:10.1007/s00415-016-8386-7 
12. Yardley L, Burgneay J, Nazareth I, Luxon L. Neuro-otological and psychiatric 
abnormalities in a community sample of people with dizziness: a blind, 
controlled investigation. J Neurol Neurosurg Psychiatry (1998) 65(5):679–84. 
doi:10.1136/jnnp.65.5.679 
13. Bittar RS, Pedalini MEB, Ramalho JRO, Carneiro CG. Bilateral vestibular loss 
after caloric irrigation: clinical application of vestibular rehabilitation. Rev 
Laryngol Otol Rhinol (2005) 126(1):3–6. 
14. Fawzy M, Khater A. Bilateral vestibulopathy treatment: update and future direc-
tions. Egypt J Otolaryngology (2016) 32(2):83. doi:10.4103/1012-5574.181082 
15. Colagiorgio P, Versino M, Colnaghi S, Quaglieri S, Manfrin M, Zamaro E, 
et al. New insights into vestibular-saccade interaction based on covert cor-
rective saccades in patients with unilateral vestibular deficits. J Neurophysiol 
(2017) 117(6):2324–38. doi:10.1152/jn.00864.2016 
16. de Waele C, Shen Q, Magnani C, Curthoys IS. A novel saccadic strategy 
revealed by suppression head impulse testing of patients with bilateral vestib-
ular loss. Front Neurol (2017) 8:419. doi:10.3389/fneur.2017.00419 
17. Lopez C, Vibert D, Mast FW. Can imagined whole-body rotations improve 
vestibular compensation? Med Hypotheses (2011) 76(6):816–9. doi:10.1016/j.
mehy.2011.02.026 
18. Lee YM, Jang C, Bak IH, Yoon JS. Effects of computer-assisted cognitive 
rehabilitation training on the cognition and static balance of the elderly. J Phys 
Ther Sci (2013) 25(11):1475–7. doi:10.1589/jpts.25.1475 
7Ellis et al. Cognitive Rehabilitation
Frontiers in Neurology | www.frontiersin.org April 2018 | Volume 9 | Article 286
19. Smith-Ray RL, Irmiter C, Boulter K. Cognitive training among cognitively 
impaired older adults: a feasibility study assessing the potential improvement 
in balance. Front Public Health (2016) 4:219. doi:10.3389/fpubh.2016.00219 
20. Saverino A, Waller D, Rantell K, Parry R, Moriarty A, Playford ED. The role of 
cognitive factors in predicting balance and fall risk in a neuro-rehabilitation 
setting. PLoS One (2016) 11(4):e0153469. doi:10.1371/journal.pone.0153469 
21. Tangen GG, Engedal K, Bergland A, Moger TA, Mengshoel AM. Relationships 
between balance and cognition in patients with subjective cognitive impair-
ment, mild cognitive impairment, and Alzheimer disease. Phys Ther (2014) 
94(8):1123–34. doi:10.2522/ptj.20130298 
22. van der Wardt V, Logan P, Hood V, Booth V, Masud T, Harwood R. The 
association of specific executive functions and falls risk in people with mild 
cognitive impairment and early-stage dementia. Dement Geriatr Cogn Disord 
(2015) 40:178–85. doi:10.1159/000433523 
23. von Helmholtz H. Handbuch der Physiologischen Optik (3 Vols). 3rd ed. 
Hamburg: Voss (1856, 1860, 1866). [translated by Southall JPC, as Handbook 
of Physiological Optics. New York: Dover Publications (1962)].
24. Kersten D, Mamassian P, Yuille A. Object perception as Bayesian inference. Annu 
Rev Psychol (2004) 55:271–304. doi:10.1146/annurev.psych.55.090902.142005 
25. Lee TS, Mumford D. Hierarchical Bayesian inference in the visual cortex. 
J Opt Soc Am A Opt Image Sci Vis (2003) 20(7):1434–48. doi:10.1364/
JOSAA.20.001434 
26. Griffiths TL, Chater N, Kemp C, Perfors A, Tenenbaum JB. Probabilistic 
models of cognition: exploring representations and inductive biases. Trends 
Cogn Sci (2010) 14(8):357–64. doi:10.1016/j.tics.2010.05.004 
27. Karmali F, Merfeld DM. A distributed, dynamic, parallel computational model: 
the role of noise in velocity storage. J Neurophysiol (2012) 108(2):390–405. 
doi:10.1152/jn.00883.2011 
28. Laurens J, Droulez J. Bayesian processing of vestibular information. Biol 
Cybern (2007) 96(4):405. doi:10.1007/s00422-006-0133-1 
29. Merfeld DM, Zupan L, Peterka RJ. Humans use internal models to estimate 
gravity and linear acceleration. Nature (1999) 398:615–8. 
30. Selva P, Oman CM. Relationships between observer and Kalman filter models 
for human dynamic spatial orientation. J Vestib Res (2012) 22(2):69–80. 
doi:10.3233/VES-2012-0451 
31. Brooks JX, Cullen KE. Early vestibular processing does not discriminate 
active from passive self-motion if there is a discrepancy between predicted 
and actual proprioceptive feedback. J Neurophysiol (2014) 111(12):2465–78. 
doi:10.1152/jn.00600.2013 
32. Cullen KE, Brooks JX, Sadeghi SG. How actions alter sensory processing: 
reafference in the vestibular system. Ann N Y Acad Sci (2009) 1164:29–36. 
doi:10.1111/j.1749-6632.2009.03866.x 
33. Laurens J, Angelaki DE. A unified internal model theory to resolve the 
paradox of active versus passive self-motion sensation. Elife (2017) 6:e28074. 
doi:10.7554/eLife.28074 
34. Penny WD, Zeidman P, Burgess N. Forward and backward inference in spatial 
cognition. PLoS Comput Biol (2013) 9(12):e1003383. doi:10.1371/journal.
pcbi.1003383 
35. Ellis AW, Mast FW. Toward a dynamic probabilistic model for vestibular 
cognition. Front Psychol (2017) 8:138. doi:10.3389/fpsyg.2017.00138 
36. Mast FW, Ellis AW. Internal models, vestibular cognition, and mental 
imagery: conceptual considerations. Multisens Res (2015) 28:443–60. 
doi:10.1163/22134808-00002503 
37. Pezzulo G. Tracing the roots of cognition in predictive processing. In: 
Metzinger T, Wiese W, editors. Philosophy and Predictive Processing: 20. 
Frankfurt am Main: MIND Group (2017). p. 1–20. Available from: https://
predictive-mind.net/papers/tracing-the-roots-of-cognition-in-predic-
tive-processing (Accessed: April 18, 2018).
38. Prsa M, Jimenez-Rezende D, Blanke O. Inference of perceptual priors from 
path dynamics of passive self-motion. J Neurophysiol (2015) 113(5):1400–13. 
doi:10.1152/jn.00755.2014 
39. Wertheim AH, Mesland BS, Bles W. Cognitive suppression of tilt sensations 
during linear horizontal self-motion in the dark. Perception (2001) 30(6):733–
41. doi:10.1068/p3092 
40. Ellis AW, Klaus MP, Mast FW. Vestibular cognition: the effect of prior 
belief on vestibular perceptual decision making. J Neurol (2017) 264:74–80. 
doi:10.1007/s00415-017-8471-6 
41. Mertz S, Belkhenchir S, Lepecq JC. Evidence of imagined passive self-motion 
through imagery-perception interaction. Acta Psychol (2000) 105(1):57–78. 
doi:10.1016/S0001-6918(00)00048-2 
42. Nigmatullina Y, Arshad Q, Wu K, Seemungal BM, Bronstein AM, Soto D. How 
imagery changes self-motion perception. Neuroscience (2015) 291:46–52. 
doi:10.1016/j.neuroscience.2015.01.021 
43. Hine T, Thorn F. Compensatory eye movements during active head rotation 
for near targets: effects of imagination, rapid head oscillation and vergence. 
Vision Res (1987) 27(9):1639–57. doi:10.1016/0042-6989(87)90171-4 
44. Hohwy J. Priors in perception: top-down modulation, Bayesian perceptual 
learning rate, and prediction error minimization. Conscious Cogn (2017) 
47:75–85. doi:10.1016/j.concog.2016.09.004 
45. Stokes D. Cognitive penetrability of perception. Philos Compass (2013) 
8(7):646–663. doi:10.1111/phc3.1204310.1111/phc3.12043 
46. Doucet A, Johansen AM. A tutorial on particle filtering and smoothing: 
fifteen years later. In: Crisan D, Rozovskii B, editors. The Oxford Handbook 
of Nonlinear Filtering. Oxford: Oxford University Press (2011). p. 656–705. 
doi:10.1.1.157.772
47. Speekenbrink M. A tutorial on particle filters. J Math Psychol (2016) 
73:140–152. doi:10.1016/j.jmp.2016.05.006 
48. MacDougall HG, McGarvie LA, Halmagyi GM, Rogers SJ, Manzari L, Burgess 
AM, et al. A new saccadic indicator of peripheral vestibular function based 
on the video head impulse test. Neurology (2016) 87(4):410–8. doi:10.1212/
WNL.0000000000002827 
49. Strupp M, Kim J-S, Murofushi T, Straumann D, Jen JC, Rosengren SM, et al. 
Bilateral vestibulopathy: diagnostic criteria consensus document of the clas-
sification committee of the Bárány society. J Vestib Res (2017) 27(4):177–89. 
doi:10.3233/VES-170619 
50. Deroualle D, Borel L, Devèze A, Lopez C. Changing perspective: the role 
of vestibular signals. Neuropsychologia (2015) 79:175–85. doi:10.1016/j.
neuropsychologia.2015.08.022 
51. Lenggenhager B, Lopez C, Blanke O. Influence of galvanic vestibular stimu-
lation on egocentric and object-based mental transformations. Exp Brain Res 
(2008) (2):184. doi:10.1007/s00221-007-1095-9 
52. Iwasaki S, Yamamoto Y, Togo F, Kinoshita M, Yoshifuji Y, Fujimoto C, et al. 
Noisy vestibular stimulation improves body balance in bilateral vestibulopa-
thy. Neurology (2014) 82(11):969–75. doi:10.1212/WNL.0000000000000215 
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2018 Ellis, Schöne, Vibert, Caversaccio and Mast. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.
